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staining was observed in the multinucleated cells, indicating that
osteoclast-like giant cells were dominant on the compression side
(Fig. 3B). In contrast, the localization of osteocalcin (Ocn)
mRNA-positive cells was observed in the cells on the tension
side, indicating that osteoblast-like cells were dominant (Fig.
3B). A fluorescent double-labeling experiment using calcein and
tetracycline further showed that incorporation of these reagents
into the alveolar bone on the tension side, but not the compres-
sion side, was clearly observable in the double-labeled line within
10 days of the orthodontic treatment (Fig. 3C). These findings
suggest that the PDL of the bioengineered tooth successfully
mediates bone remodeling via the proper localization of oste-
oclasts and osteoblasts in response to mechanical stress.

Perceptive Potential of Neurons Entering the Tissue of the Bioengi-
neered Tooth. The perception of noxious stimulations such as
mechanical stress and pain, are important for the protection and
proper functions of teeth (34). Neurons in the trigeminal gan-
glion, which innervate the pulp and PDL, can detect these stress
events and transduce the corresponding perceptions to the
central nervous system (34). We have previously reported that
nerve fibers are detectable in the pulp of a developing bioengi-
neered tooth in the oral cavity (29). In our current experiments,
we evaluated the responsiveness of nerve fibers in the pulp and
PDL of the bioengineered tooth to induced noxious stimulations.

Anti-neurofilament (NF)-immunoreactive nerve fibers were
detected in the pulp, dentinal tubules, and PDL of the bioengi-
neered tooth as in a normal tooth (Fig. 44 and Fig. S4).
Neuropeptide Y (NPY), which is synthesized in sympathetic
nerves (34), was also detected in the pulp and PDL neurons (Fig.
44 and Fig. S4 C and D). Calcitonin gene-related peptide
(CGRP), which is synthesized in sensory nerves and is involved
in sensing tooth pain (34) was also observed in both pulp and
PDL neurons (Fig. 44 and Fig. S4 E and F). NPY and CGRP
were detected in both the anti-NF positive and negative-
immunoreactive neurons (Fig. 44 and Fig. S4 C-F).

We next evaluated the perceptive potential of these neurons
in the bioengineered tooth against noxious stimulations such as
orthodontic treatment and pulp stimulation. The expression of
galanin, which is a neuropeptide involved in pain transmission
(35), increased in response to persistent painful stimulation of
the nerve terminals within the PDL of the bioengineered tooth
to the same extent as in a normal tooth (Fig. 4B). Thus PDL
nerve fibers in the bioengineered tooth appear to respond to
nociceptive stimulation caused by our experimental tooth move-
ments. Previous studies have reported that neurons expressing
the proto-oncogene c-Fos protein are detectable in the super-
ficial layers of the medullary dorsal horn following noxious
stimulations such as electrical, mechanical and chemical stimu-
lation of intraoral receptive fields involving the tooth pulp, PDL,
and peripheral nerves innervating the intraoral structures (34,
35). We found in our current analyses that the c-Fos-
immunoreactive neurons present in both the normal tooth and
the bioengineered tooth drastically increased at 2 h after exper-
imental tooth movement, and then gradually decreased within
48 h (Fig. 4C). Following pulp stimulation, positive neurons in
both normal and bioengineered teeth also increased at 2 h after
stimulation, but could not be detected at 48 h (Fig. 4D). These
data indicate that the nerve fibers innervating both the pulp and
PDL of the bioengineered tooth have perceptive potential for
nociceptive stimulations and can transduce these events to the
central nervous system (the medullary dorsal horn).

Discussion

We successfully demonstrate herein that our bioengineered tooth
germ develops into a fully functioning tooth with sufficient hardness
for mastication and a functional responsiveness to mechanical stress
in the maxillofacial region. We also show that the neural fibers that
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Fig.4. Pain response to mechanical stress. (A) Nerve fibers in the pulp and PDL in
the normal (Upper) and bioengineered (Lower) tooth were analyzed immunohisto-
chemically using specific antibodies for the combination (left 2 columns) of NF (green)
and NPY (red) and the combination (right 2 columns) of NF and CGRP (red). (Scale bar,
25 um.) (B) Analysis of galanin immunoreactivity in the PDL of a normal (Upper) and
bioengineered (Lower) tooth for the assessment of orthodontic force. No galanin
expression was evident inthe untreated tooth (Left). Galanin expression (arrowhead)
was detected in the PDL of a normal and bioengineered tooth after 48 h of orth-
odontic treatment (Right). (Scale bar, 25 um.) (C) Analysis of c-Fos-immunoreactivity
inthe medullary dorsal horn of mice with a normal tooth (Upper) or a bioengineered
tooth (Lower) after 0 h (Left), 2 h (Center), and 48 h (Right) of orthodontic treatment.
c-Fos expression (arrowhead) was also detected. (Scale bar, 50 um.) (D) Analysis of
c-Fos immunoreactivity in the medullary dorsal horn of mice with a normal tooth
(Upper) or a bioengineered tooth (Lower) after 0 h (Left), 2 h (Center), and 48 h
(Right) of stimulation by pulp exposure. c-Fos expression (arrowhead) was evident in
the medullary dorsal horn after 2 and 48 h of pulp exposure. (Scale bar, 50 um.) D,
dentin; P, pulp; B, bone; PDL, periodontal ligament; T, spinal trigeminal tract.

have re-entered the pulp and PDL tissues of the bioengineered
tooth have proper perceptive potential in response to noxious
stimulations such as orthodontic treatment and pulp stimulation.
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These findings indicate that bioengineered tooth generation tech-
niques can contribute to the rebuilding of a fully functional tooth.
Critical issues in tooth regenerative therapy are whether the bioengi-
neered tooth can reconstitute functions such as mastication (32) and
responsive potential to mechanical stress (31, 33) and noxious stimu-
lations (34), including cooperation of the regenerated tooth with both
the oral and maxillofacial regions. Eruption and occlusion are essential
first steps toward dental organ replacement therapy and successful
incorporation into the oral and maxillofacial region (21, 36). Our
laboratory has demonstrated previously that a bioengineered tooth
germ can develop into a tooth with the correct structure in an adult
mouse (29). It has also been reported previously that normal tooth germ
isolated from murine embryos and a bioengineered tooth constructed
from cultured tooth bud cells can develop and erupt in a toothless oral
soft tissue region (diastema) of adult mice and in the tooth extraction
sockets of an adult rat (37-42). In our current study, we provide
evidence that a bioengineered tooth with the same hardness as an adult
natural tooth can erupt with normal gene expression, including Csf7 and
Pthrl, which are thought to regulate osteoclastogenesis, and achieve
functional occlusion with the opposing natural teeth. Previous reports
have suggested that the eruption of tooth germ is generally induced at
the site of tooth development and by the gubernacular cord, which is
derived from the epithelium of the dental lamina (43). Hence, our
findings provide significant insights into tooth eruption mechanisms
and strongly suggest that masticatory potential can be successfully
restored by the transplantation of bioengineered tooth germ.

To establish cooperation between the bioengineered tooth and
the maxillofacial region, 1 critical issue to address is whether a
functional PDL is achieved and thereby the restoration of interac-
tions between the bioengineered tooth and the alveolar bone (31,
33). The PDL has essential roles in tooth support, homeostasis, and
repair, and is involved in the regulation of periodontal cellular
activities such as cell proliferation, apoptosis, the secretion of
extracellular matrices, the resorption and repair of the root cemen-
tum, and remodeling of the alveolar bone proper (31, 33). Although
implant therapy has been established and is effective for replace-
ment of a missing tooth, this therapy involves osseointegration into
the alveolar bone that does not reconstitute the PDL (44). The
regeneration of PDL has been studied previously using cell sheets
(17) and stem cells (22), but has not yet been fully successful. It is
thought that orthodontic tooth movement, a process involving
pathogenic and physiologic responses to extreme forces applied to
a tooth through bone remodeling controlled by osteogenesis and
osteoclastgenesis (31), is a good assay model for the evaluation of
PDL functions. In our present study, the PDL associated with the
bioengineered tooth performed in complete cooperation with the
oral and maxillofacial regions and bone remodeling successfully
occurred following the application of orthodontic mechanical force.
These findings indicate that it is possible to restore and re-establish
cooperation between the bioengineered tooth and maxillofacial
regions and thus regenerate critical dental functions.

The peripheral nervous system plays important roles in the
regulation of organ functions and the perception of external
stimuli such as pain and mechanical stress (45). During devel-
opment of the peripheral nervous system, growing axons navi-
gate and establish connections to their developing target organs
(46). The recovery of the nervous system, which is associated
with the reentry of nerve fibers, is critical for organ replacement
(47). Although the functions of several internal organs, including
the liver, kidney, and pancreas, are also mediated by specific
humoral factors such as hormones and cytokines via blood
circulation (45), perceptions of external stimuli are also essential
to the functions of several organs, such as the eye, limbs, and
teeth (45). The tooth is well recognized as a peripheral target

1. Brockes JP, Kumar A (2005) Appendage regeneration in adult vertebrates and impli-
cations for regenerative medicine. Science 310:1919-1923.
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organ for sensory trigeminal nerves, which are required for the
function and protection of the teeth (46). It is known also that
the perception of mechanical forces during mastication is limited
in implant patients (48). Thus, the restoration of nerve functions
is also critical for tooth regenerative therapy and future organ
replacement therapy (13, 45). In our current study, we demon-
strate that several species of nerve fibers, including NF, NPY,
CGRP, and galanin-immunoreactive neurons, successfully re-
entered both the pulp and/or PDL region of the bioengineered
tooth. These nerves could thereby transduce the signals from
noxious stimulations such as mechanical stress by orthodontic
treatment and the exposure of pulp. Previous studies have also
revealed that trigeminal nerve fibers navigate and establish their
axonal projections into the pulp and PDL during early tooth
development in a spatiotemporally controlled manner through
expression of regulatory factors such as nerve growth factor, glial
cell line-derived neurotrophic factor, and semaphorin 3a (46).
Our present results suggest the possibility that the transplanta-
tion of regenerated tooth germ can induce trigeminal axon
innervation and establishment in an adult jaw through the
replication of trigeminal axon pathfinding and nerve fiber pat-
terning during early tooth development (46).

In conclusion, this study provides evidence of a successful
replacement of an entire and fully functioning.organ in an adult
body through the transplantation of bioengineered organ germ,
reconstituted by single cell manipulation in vitro. Our study
therefore makes a substantial contribution to the development
of bioengineering technology for future organ replacement
therapy. Further studies on the identification of available adult
tissue stem cells for the reconstitution of a bioengineered tooth
germ and the regulation of stem cell differentiation into odon-
togenic cell lineage will help to achieve the realization of tooth
regenerative therapy for missing teeth.

Methods

Transplantation. The upper first molars of 5-week-old C57BL/6 (SLC) mice were
extracted under deep anesthesia. Mice were maintained for 3 weeks to allow
for natural repair of the tooth cavity and oral epithelium. Before transplan-
tation, we confirmed using microCT analysis that the remaining tooth root
components and/or the tooth that had developed from them could not be
observed in the bony holes (S/ Methods). Following repair, an incision of
approximately 1.5 mm in length was made through the oral mucosa at the
extraction site with fine scissors to access the alveolar bone. A fine pin vice
(Tamiya) was used to create a bony hole of about 0.5-1.0 mm in diameter in
the exposed alveolar bone surface. Just before transplantation, we removed
the collagen gel from the bioengineered tooth germ in the in vitro organ
culture and marked the top of the dental epithelium with vital staining dye,
such as methylene blue, to ensure the correct direction of the explants. The
explants were then transplanted into the bony hole according to the dye. The
incised oral mucosa was next sutured with 8-0 nylon (8-0 black nylon 4 mm
1/2R, Bear Medic Corp.) and the surgical site was cleaned. The mice containing
the transplants were fed a powdered diet (Oriental Yeast) and skim milk until
the regenerated tooth had erupted.
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1. ABSTRACT

Regulation of sizes and shapes of tooth are important matters
to consider in generating an entirely bioengineered tooth for
future tooth replacement therapy. In our current study, we
investigated that whether an extent of contact area between
epithelial and mesenchymal cell aggregates, which was
reconstituted from embryonic day 14.5 molar tooth
germ-derived single cells by our cell manipulation method,
affect the morphology of the bioengineered tooth. Statistical
analysis showed that there were reliable correlations between
the contact length of bioengineered tooth germ and the crown
widths (R=0.84), and the cusp numbers (R=0.85). These
observations indicate that the crown widths and the.cusp
numbers of bioengineered molar were determined by the
contact length between epithelial and mesenchymal cell layers.
Our study results will provide important insights into the
regulatory mechanisms of sizes and shapes of bioengineered
tooth and the application of cell manipulation technology in
future tooth replacement therapy.

2. INTRODUCTION

The current approaches being used to develop future
regenerative therapies are influenced by our understanding
of embryonic development, stem cell biology, and tissue
engineering technology [1-4]. One of the more attractive
concepts under consideration in regenerative therapy is stem
cell transplantation of enriched or purified tissue-derived
stem cells [5], or in vitro manipulated embryonic stem (ES)
and induced pluripotent stem (iPS) cells {6, 7]. This
therapy has the potential to restore the partial loss of organ
function by replacing hematopoietic stem cells in
hematopoietic malignancies [8], neural stem cells in
Parkinson’s disease [9], mesenchymal stem cells in
myocardial infarction [10], and hepatic stem cells in cases of
hepatic insufficiency [11].

The ultimate goal of regenerative therapy is to develop fully
functioning bioengineered organs that can replace lost or
damaged organs following disease, injury, or aging [4,
12-14]. The feasibility of this concept has essentially been
demonstrated by successful organ transplantations for
various injuries and diseases [15]. It is expected that
bioengineering technology will be developed for the
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reconstruction of fully functional organs in vitro through the
precise arrangement of several different cell species [3,
16-20]. We have recently reported a successful fully
functioning tooth replacement in an adult mouse achieved
through the transplantation of bioengineered tooth germ into
the alveolar bone in the lost tooth region. We propose this
technology as a model for future organ replacement
therapies. The bioengineered tooth, which was erupted and
occluded, had the correct tooth structure, hardness of
mineralized tissues for mastication, and response to noxious
stimulations such as mechanical stress and pain in
cooperation with other oral and maxillofacial tissues [21,
22]. However, the bioengineered tooth was smaller than
the other normal teeth, since at present we cannot regulate
the crown width, cusp position, and tooth patterning
including anterior/posterior and buccal/lingual structures
using in vitro cell manipulation techniques.

Here, we showed that the crown widths and the cusp
numbers of bioengineered molar could be regulated by cell
manipulation method, and were determined by the contact
length between epithelial and mesenchymal cell layers but
not dependent on the cell number.

3. MATERIALS AND METHODS

3.1 Animals

C57BL/6 mice were purchased from SLC Inc. Mouse care
and handling conformed to the NIH guidelines for animal
research. 'All experimental protocols were approved by the
Tokyo University of Science Animal Care and Use
Committee.

3.2 Reconstitution of bioengineered tooth germ from
single cells

Molar tooth germs were dissected from the mandibles of
ED14.5 mice. The isolation of tissues and each single cell
preparation from epithelium and mesenchyme has been
described  previously. Dissociated  epithelial and
mesenchymal cells were precipitated by centrifugation in a
siliconized microtube and the supernatant was completely
removed. The cell density of the precipitated epithelial and
mesenchymal cells after the removal of supernatants reached



a concentration of 5 x 10® cells/mL as described previously
[21]. Bioengineered molar tooth germ was reconstituted
using our previously described 3-dimensional cell
manipulation method, the ‘organ germ method’ [21]. We
reconstituted various bioengineered tooth germs, which have
various contact length between epithelial and mesenchymal
cell layers, with uniform thickness using a micro-syringe of
0.330 mm inner diameter (Hamilton). These various
bioengineered tooth germs were incubated for 10 min at
37 °C, placed on a cell culture insert (0.4 um pore diameter;
BD), and then further incubated at 37 °C for 5 days in an in
vitro organ culture as described previously [21].

3.3 SRC Assay

After 7 dayss incubation, the reconstituted germs of tooth or
whisker follicles were transplanted into a subrenal capsule
(SRC) for 21 days using 8 week-old male mice as the host,
according to the method of Bogden and co-workers [23].

3.4 Microcomputed Tomography (MicroCT)

The heads of mice implanted with bioengineered tooth germ
and control mice were fixed in the centric occlusal position
and radiographic imaging was then performed by x-ray
using an inspeXio SMX-90CT device (Shimadzu) with
exposure at 90 kV and 0.1 mA, and with a source-to-sample
distance of 34 mm. Microcomputed tomography was
performed using Imaris (Carl Zeiss).

3.5 Tissue Preparation

The tissues were removed and immersed in 4%
paraformaldehyde in PBS(-). After fixation, the tissues
were decalcified in 4.5% EDTA (pH 7.4) for 1-10 days at
4°C. The sections were observed using an Axio Imager Al
(Carl Zeiss, Jena, Germany) with an AxioCAM MRc5
(Zeiss) and processed with AxioVision software (Zeiss).

4. RESULTS AND DISCUSSION

We first investigated that whether an extent of contact area
between epithelial and mesenchymal cell aggregates, which
was reconstituted from embryonic day 14.5 molar tooth
germ-derived single cells by our cell manipulation method,
affect the morphology of the bioengineered tooth. We
reconstituted various bioengineered tooth germs, which have
various contact length between epithelial and mesenchymal
cell layers, with uniform thickness using a micro-syringe of
0.330 mm inner diameter. After a day of organ culture, we
categorized into three-types of the bioengineered tooth germ
by the contact length: group I, up to 450 pum; group II,
450-900 pm; and group III, 900-1500 pm. The
bioengineered molar tooth germ in group I to III had
developed at the early bell stage of a natural tooth germ after
5-7 days growth and were with a mean width of each 366
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103 pm, 584 + 103 pm and 934 + 239 um, respectively (Fig.
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Regulation of the width of bioengineered tooth germ by cell manipulation
method. (a) Phase contrast image of three-types of the bioengineered
tooth germ on day 0, day 5 and day 7 of an organ culture. (Scale bar, 500
um.) (b) Scatter diagram of correlational analysis between the contact
length and the width of the bioengineered tooth germ.

la). Statistical analysis revealed that there were significant
correlations between the contact length and the mean width
of the bioengineered molar tooth germs (R=0.89) (Fig. 1b).
After 21 days transplantation in subrenal capsule, the
bioengineered molars developed from the bioengineered
germs in group I to III were with a mean crown widths of
each 497 £ 118 um, 727 £ 271 um and 1073 £ 186 pm,
respectively (Fig. 2a). The bioengineered tooth formed a
correct structure comprising enamel, ameloblast, dentin,
odontoblast, dental pulp, alveolar bone, and blood vessels
(Fig. 2a). Moreover, the cusp numbers of those teeth
derived from the bioengineered germs in group I to III were
29 £ 08,47 £ 3.1 and 11 % 2.6, respectively (Fig. 2a).
Statistical analysis showed that there were reliable
correlations between the contact length of bioengineered
tooth germ and the crown widths (R=0.84) (Fig. 2b), and the
cusp numbers (R=0.85) (Fig. 2c).

Finally, we examined that whether the cell number of
epithelial and mesenchymal cells influences the morphology
of the bioengineered tooth. We formed the cell aggregates
with different thickness by use of micro-syringe of 0.203
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Regulation of the crown
width and cusp number of
bioengineered tooth by cell
manipulation method. (a)
Morphological and
histological ~ analysis  of
three-types of the
bioengineered tooth after 21
days transplantation.
Stereomicroscope images
(first columns from the left),
whole images of MicroCT
(second  columns), Cusp
images (third columns), cross
sections (fourth columns) are
shown. Arrow head, cusp.
(Scale bar, 200 pum). (b)
Scatter diagram of
correlational analysis
between the contact length
and the crown width of the

bioengineered tooth. (c)
Scatter diagram of
correlational analysis

between the contact length
and the cusp number of the
bioengineered tooth.
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Fig.3

Morphological differences of the bioengineered tooth by regulating cell
number. Cusp region width of the bioengineered tooth germ on day 7
organ culture (a), crown width (b) and cusp number (c) of the
bioengineered tooth after 21 days transplantation are shown.

mm or 0.330 mm inner diameter while limiting the contact
length to 300-500 um. However, there were no differences
in the crown widths and cusp numbers of the bioengineered
molar between 1x10* cells per aggregate and 2.5x10* cells
per aggregate (p>0.06) (Fig. 3a, b and c). These results
indicated that the crown widths and the cusp numbers of
bioengineered molar were determined by the contact length
between epithelial and mesenchymal cell layers but not
dependent on the cell number.

In conclusion, this study provides an important insight into
the regulatory mechanisms of sizes and shapes of
bioengineered tooth and the application of cell manipulation
technology in future tooth replacement therapy. Further
studies on the identification of available adult tissue stem
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cells for the reconstitution of a bioengineered tooth germ
and the regulation of stem cell differentiation into
odontogenic cell lineage will help to achieve the realization
of tooth regenerative therapy for missing teeth.
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Strategies underlying research in tooth
regenerative therapy as a possible model
for future organ replacement

Kazuhisa Nakao and Takashi Tsuji

Abstract. The ultimate goal of regencrative therapy is to develop fully functioning
bioengineered organs that can replace lost or damaged organs after disease, injury, or
aging. We have previously developed a three-dimensional culture systcm with the aim
of reconstituting a bioenginccred organ germ at an early developmental stage. The
regeneration of a functional tooth unit is critical issue to achieving proper oral function,
including mastication. Recently, we successfully demonstrated that our bioengi-
neered tooth germ could develop a fully functioning tooth with sufficient hardness for
masticatory potential, the ability to withstand mechanical stress in the maxillofacial
region, and in which the innerved neural fibers had an adequate perceptive potential
for noxious stimulations. Our results thus show that bioengineered tooth germ can
develop a fully functioning regenerated tooth in vivo after engraftment and therefore
that organ replacement regenerative therapy in this way is feasible.

. . ) .
Key words. regenerative therapy, tooth, organ germ method, bioengineered organ,
transplantation ‘

1 Introduction

Regenerative medicine is an anticipated clinical application in coming years [1-4], and
stem cell transfer therapy (in which stem cells are removed and transferred to damaged
organs and tissues of the same individual) has already begun to be developed {5]. The
uliimate goal of regenerative medicine is (o replace a defective organ with artificially
regenerated organ that has full functionality [6-9]. In the dental field, therapies have
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been established to replace teeth, which are ectodermal organs, with artificial implants
that can provide some functions [10-12]. However, although these treatments can
effectively substitute a lost tooth, transplantations of a natural tooth such as third
molar are being attempted to provide more biological functionality [13]. For next-
generation therapies, it is expected that tooth replacement will involve transplantation
of a bioengineered tooth which has heen constructed from stem cells [7,10,11].

2 The Strategies Underlying Current Research on Tooth
Regenerative Therapy

In current research on whole-tooth regenerative therapies, one of the basic underlying
strategies involves the transplantation of bioengineered tooth germ, which can then
develop into a fully functional tooth [7,10,11]. Teeth arise from the tooth germ, which
is induced by reciprocal epithelial-mesenchymal interactions in the developing
embryo [14,15]. The epithelium and the mesenchyme differentiate into ameloblasts,
which later become enamel and odontoblasts, respectively, which will form dentin.
The mesenchyme also differentiates into dental pulp and into periodontal tissues,
which will become cementum, alveolar bone, and periodontal ligament (PDL).

As described by many experts in the dental field, four major hurdles need to be
overcome to enable the development of tooth regenerative therapy [7,10,11]. The
first is the establishment of a more effective bioengincering method of producing
three-dimensional organ germs from single cells. The second is the development of
this bioengineered tooth germ in an adult oral environment. The third relates to how
dental regenerative therapy may be optimized using the patient’s own cells. Finally,
the transplantation of a morphologically controlled regenerated tooth would be
improved by more effective in vitro organ processing,.

3 The Development of a Novel Bioengineered Organ Germ Method

Previously in our laboratory, we investigated the feasibility of developing a bioengi-
neering cell processing method for three-dimensional organ germ using single cells.
To preciscly replicate the process of tooth organogenesis at early developmental
stages, we employed a cell aggregation method using epithelial cells and mesenchy-
mal cells isolated from cap stage tooth germ from the lower jaw of E14.5 mice. The
epithelial and mesenchymal single cells were prepared using enzymatic treatments
(Fig. 1a). Explants that reconstituted the cell compartmentalization between epithe-
lial and mesenchymal cells at a low-cell density (0.5-1 x 10® cells/ml), or that did not
form cell compartmentalization at high-cell density (5 x 10® cells/ml), failed to gen-
erate a correct tooth structure. To reconstitute a bioengineered tooth germ with the
correct cell compartmentalization between epithelial and mesenchymal-derived
single cells, these cells were injected in turn at a high density (5% 10? cells/ml) into
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a Reconstitution
Epithelium  Epithelial cells

ED14.5
tooth germ

Bioengineered
tooth germ

Bar; 200 um

Mesenchyme  Mesenchymal cells

Fig. 1. Generation of a whole tooth using bioengineered tooth germ derived from dissociated
single cells. (a) Schematic of the bioengineering technology used for the generation of a reconsti-
tuted tooth germ. (b) Representative phase contrast images showing a bioengineered tooth devel-
oped in a subrenal capsule environment for 14 days. (c) Histological analysis of the reorganized
tooth germ under a subrenal capsule for 14 days. Scale bar, 250 um

a collagen gel drop (Fig. la). Within 2 days of organ culture, a tooth germ was
observed to form with the appropriate compartmentalization and cell-cell compac-
tion. At 14 days after the transplantation into a subrenal capsule, this germ could
successfully generate plural teeth in the alveolar bone of the mouse (Fig. 1b, ¢).
These results emphasize that a high-cell density and a correct cell compartmentaliza-
tion are essential for a bioengineered tooth to develop properly, and we termed our
successful approach in this regard as a “bioengineered organ germ method” [16].
Our model improves the current understanding of the principles by which organ
recconstitution can be achicved with tissues that have been bioengineered in vitro and
increases the potential for bioengineered organ replacement in the future.

4 Eruption and Structure af a Bioengineered Tooth

We further investigated whether bioengineered molar tooth germ reconstituted using
our novel method could erupt in an adult murine lost tooth transplantation model
[17]. We extracted the first molar from the subject mice and allowed the cavity to
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a b
Day 16 o

Fig. 2. Eruption and occlusion of a bioengineered tooth. (a) Oral photographs of the bioengi-
neered tooth during eruption and occlusion processes. Scale bar, 200 um. (b) MicroCT image of
the occlusion of a bioengineered tooth (arrowhead). (¢) Histological analysis of the bioengineered
tooth in full occlusion. Scale bar, 100 um

undergo repair by osteogenesis for 1 month. We then drilled a hole in the alveolar bone
and transplanted our bioengineered molar tooth germ into this cavity in the correct
orientation. At 16 days after this transplantation, eruption of the bioengineered tooth
could not be observed (Fig. 2a). However, at 37 days post-transplantation, a
cusp tip could be observed in the gingival area of the transplantation site, indicating
an eruption of the bioengineered tooth. At 49 days post-transplantation and there-
after, this bioengineered tooth was observed to reach the occlusal plane and achieve
opposing tooth occlusion (Fig. 2a, b). Following the achievement of occlusion, there
was no excessive increase found in the tooth length at 120 days post-transplantation
[17]. The bioengineered tooth also formed a correct structure comprising enamel,
ameloblasts, dentin, odontoblasts, dental pulp, alveolar bone, and blood vessels
(Fig. 2¢). These results indicated that the tooth tissue structures of the bioengineered
tooth were similar to those of a normal tooth [17].

S Functional Bioengineered Tooth Replacement In an Adult
Oral Environment

To develop a tooth regenerative method for possible future clinical applications, a
bioengineered tooth must necessarily achieve full functionality, including sufficient
masticatory performance [18], biomechanical cooperation with tissues in the oral
and maxillofacial regions [19], and proper responsiveness via sensory receptors to
noxious stimulations in the maxillofacial region [20]. Masticatory potential in
particular is essential for achieving proper tooth function [18]. Significantly, the
hardness of the mineralized tissues within our bioengineered tooth, as analyzed by
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the Knoop hardness test and including both enamel and dentin, was equivalent to
that of a normal tooth. These results indicated an equivalent masticatory performance
to a normal, mature tooth [17].

It has been established previously that alveolar bone remodeling is induced by
the response of the PDL to mechanical stress such as orthodontic movement [19].
We found in this regard that our regenerated tooth achieved normal occlusion in
harmony with other teeth in the recipient mouse and also displayed opposing cuspal
contacts that maintained a proper occlusal vertical dimension between the opposing
arches (Fig. 2b). The bioengineered tooth could also successfully move in response
to mechanical stress as well as a normal tooth [17]. These findings indicate that the PDL
of the bioengineered tooth successfully mediate bone remodeling in response to
mechanical stress induced by the experimental orthodontic treatment.

The perception of noxious stimulations such as mechanical stress and pain is an
important tooth function [20]. We found that the nerve fibers innervating both the
pulp and the PDL of our bioengincered tooth had perceptive potential for nociceptive
stimulation (Fig. 3) and could transduce these events to the central nervous system
(the medullary dorsal horn) [17]. In these analyses, we observed that our bioengi-
neered tooth germ developed into a fully functioning tooth with sufficient hardness
for mastication and a functional responsiveness to mechanical stress in the maxil-

Pulp PDL

Normal
tooth

Bioengineered
tooth

Fig. 3. Immunohistochemical analysis of nerve fibers entering the tissue of the bioengineered
tooth. Nerve fibers in the pulp and periodontal ligament (PDL) in the normal and the bioengi-
neered tooth were analyzed immunohistochemically using specific antibodies for neurofilament-H.
Scale bar, 25 um
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lofacial region. We further confirmed that the neural fibers that has re-entered
the pulp and PDL tissues of the bioengineered tooth had a proper level of perceptive
potential in response to noxious stimulations such as orthodontic treatment and
pulp stimulation. These findings further indicate that the bioengineered tooth
generation techniques we developed can contribute to the rebuilding of a fuily
functional tooth.

6 Conclusions

We have provided the first description of a successful replacement of an entire and
fully functioning organ in an adult body through the transplantation of bioengineered
organ germ reconstituted by single cell manipulation in vitro. Our studies have
therefore made a substantial contribution to the future development of bioengineer-
ing technology for organ replacement therapy. Further studies on the identification
of available adult tissue stem cells for the reconstitution of a bicengineered tooth
germ and the regulation of tooth shape will help to achieve the realization of
tooth regenerative therapy in humans. '
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The relationship between temporomandibular joint pathosis and
muscle tenderness in the orofacial and neck/shoulder region

Eitoku Inoue, DDS,* Kenji Maekawa, DDS, PhD.” Hajime Minakuchi, DDS, PhD.*
Chiyomi Nagamatsu-Sakaguchi, DDS, PhD," Tsuyoshi Ono, DDS, PhD,*

Yoshizo Matsuka, DDS, PhD," Glenn T. Clark, DDS, MS,® and Takuo Kuboki, DDS, PhD,"
Okayama, Japan, and Los Angeles, CA

OKAYAMA UNIVERSITY GRADUATE SCHOOL OF MEDICINE, DENTISTRY, AND PHARMACEUTICAL
SCIENCES AND UNIVERSITY OF SOUTHERN CALIFORNIA SCHOOL OF DENTISTRY

Objective. The objective of this study was to investigate the association between TMJ pain/disk pathosis and the
muscle tenderness pattern in the orofacial and neck/shoulder region.

Study design. One hundred seventy-one TMD patients were divided into 4 groups, including group 1: patients with painful
unilateral TMJ disk displacement (DD); group 2: patients with painless unilateral TM] DD; group 3: patients with painless bilateral
TMJ DD; and group 4: patients with a bilateral normal TMJ disk position (n = 41). Each subject underwent muscle palpation and
the side-by-side number of muscle tenderness points was combined as the number of muscle tenderness points on each side.
Within each group, DD with and without reduction subjects were separated into subgroups and then were analyzed.

Results. In group 1, the median muscle tenderness points on the side with painful TMJ DD without reduction was
significantly higher than on the normal side (P = .019), whereas the palpation scores for painless DD patients showed
no significant difference between the DD and normal sides.

Conclusions. These results indicated painful disk displacement to possibly be correlated with ipsilateral muscle
tenderness. (Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2010;109:86-90)

The main signs and symptoms of temporomandibular
disorders (TMD) of articular origin are joint pain, joint
noise, and limitations in opening the mouth. In addition,
other various symptoms may occur, including masticatory
and other orofacial muscle pain, headache, shoulder stiff-
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cantly higher proportion of signs and symptoms of TMD
in the group who had both jaw muscle tendemess and
neck/shoulder muscle tendemess. Symptom-based analyses
between TMJ and masticatory, neck/shoulder muscles have
been performed by several authors; however, no study has
investigated the direct relationship between TMI pathosis
and pain in the muscles surrounding the TMIJ. The abnormal
TMIJ disk position is closely associated with several TMD
signs and symptoms (e.g., joint noise, limitation of mouth
opening). Therefore, it is considered to be clinically worth-
while to analyze the relationship between TMJ disk position
abnormalities diagnosed by MRI and muscle pain patterns.
Hopefully such knowledge will be useful for diagnosis and
predicting the prognosis of TMD. Therefore this study inves-
tigated the association between the TMJ disk position, diag-
nosed by magnetic resonance imaging (MRI) and muscle
pain in the orofacial and neck/shoulder region by comparing
the prevalence of muscle tendemess in both disk displace-
ment and contralateral normal disk position sides. In addition,
the effect of pain in the TMJ on the tenderness in ipsilateral
muscle tissues was also evaluated using same patient groups.

MATERIALS AND METHODS

Study population

The subjects were selected from a series of TMD pa-
tients (453 patients, 38.7 £ 19.1 years, male/female =
120/333) who attended a TMD clinic in Department of
Fixed Prosthodontics in Okayama University Dental Hos-
pital from May 1997 to May 2002. The eligible subjects
were selected (219 patients, 37.6 £ 18.7 years, male/
female = 59/160) according to the following inclusion
criteria: patients who were diagnosed with a TMJ condi-
tion by clinical examination and MRI according to the
operational criterion (IZ criterion) described by Orsini et
al."! This approach involves the description of the location
of the intermediate zone (IZ) of the disk in relation to the
condyle and the articular eminence. The thin central por-
tion of disk (IZ) was identified; when IZ was located
between the anterior-superior aspect of the condyle and
the posterior-inferior aspect of the articular eminence in
the middle or above a line that joined centers of 2 imag-
inary circles fitted to these structures, the position of the
disk was considered normal. The disk position during open-
ing was considered normal if IZ of the disk was located
between the condyle and articular eminence (when the jaw
was wide open) in the middle of a line that joined centers of
2 imaginary circles fitted to these structures.

Subjects were excluded if they presented with one or
more of the following conditions: (1) a history of rheu-
matoid arthritis, systemic osteoarthritis, and systemic
lupus erythematosus; (2) patients who had pain in the
unilateral TMJ even though both TMIJ disks were dis-
placed; (3) patients who had bilateral painful TMJ disk
displacement, because of the small number of such
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patients in the sample a statistical analysis could not be
performed (10 subjects: 5 had painful disk displace-
ment with reduction whereas the other 5 had painful
disk displacement without reduction). A total of 48
patients were excluded by not filling in their question-
naires on their TMD signs and symptoms, so that final
sample included 171 patients (35.3 = 18.0 years, male/
female = 47/124). The patients were then divided into
the following 4 experimental groups: group 1, unilat-
eral painful TMJ disk displacement (n = 58); group 2,
unilateral painless TMJ disk displacement (n = 51);
group 3, bilateral painless TMJ disk displacement (n =
21); group 4, patients whose TMJ disk positions on
both sides were normal (n = 41). Within each group,
disk displacement with and without reduction subjects
were separated into subgroups and then were analyzed.

This study protocol was approved by an appropriate ethics
committee in Okayama University Graduate School of Med-
icine, Dentistry, and Pharmaceutical Sciences (#144).

Muscle palpation

Each patient underwent a clinical digital head and neck
muscle palpation at the initial visit by 1. of 3 calibrated
examiners (K.M, H.M, and T.K). Each muscle palpation
site (Fig. 1) on both sides of the head was palpated using
a steady 2 kgf compression force for 3 seconds. The
muscle tenderness was assessed using the modified
Krogh-Poulsen’s method.'? This method involves 16 pal-
pation sites from 6 muscles (masseter: 5 sites, temporalis:
3 sites, medial pterygoid: 1 site, sternocleidomastoid: 3
sites, digastric: 2 sites, and trapezius: 2 sites); tendemness
level in each site was evaluated using 4-graded pain as-
sessment score from O to 3 (0: nonpainful, 1: mild, 2:
moderate, 3: severe). Thereafter, the tenderness score at
each site was just divided into 2 scores (0 or 1) and
submitted to statistical analysis. Scores of 1 to 3 were
defined as “1” meaning painful and a score of 0 remained
nonpainful (score “0”). The total number of muscle ten-
demess points on the right or left side (maximum: 16) was
calculated and these scores were analyzed.

Statistical analysis

The comparisons of demographic data between in-
tended and actual samples were made using the ¢ test
and the chi-square test. To investigate the relationship
between the muscle tenderness pattern and TMI disk
position, the total number of muscle tender points were
compared between both joints in each individual using
the Wilcoxon rank sum test. The statistics were sepa-
rately performed in each experimental group. In addition,
we analyzed the data to evaluate if any other factors could
be the confounders of the findings. Specifically, the rela-
tionship between the subjects’ age, gender, and the number
of muscle tender points were evaluated. The number of
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Masseter muscle (5)

Temporalis muscle (3)

Medial pterygoid (1)
sternocleidomastoid muscle (3)
Digastoric (2)

Trapezius muscle(2)

Fig. 1. Orofacial, neck-shoulder muscle palpation sites examined in this study. Gray circles represent the anatomic locations and
the numerals in the parentheses indicate the number of the points that were palpated in each muscle.

Table I. Baseline comparisons of demographic data in each subject group

Mean age Gender distribution (Male/Female)
Intended sample Actual sample P value Intended sample Actual sample P value
Group 1 373 =188 36.3 = 19.1 0.47 14/55 12/46 96
Group 2 323 £173 299+ 164 0.69 17/45 16/35 .65
Group 3 318152 29.6 = 13.0 0.63 2/23 2/19 .86
Group 4 452 £ 19.0 439 £ 179 0.21 26/37 17/24 98
Total 376 + 18.7 353 =18.0 0.76 59/160 47/124 90

Mean age r-test.
Gender distribution Chi-square test.

muscle tender points between each gender were compared [[] DD side(Rightside)
using the Wilcoxon rank sum test. Any correlations between . [] NomatSide(Leftside:
the number of muscle tender points and the subjects’ age 5
were determined by Pearson’s product r-value. A value of P 4 i
less than .05 was considered to be significant. §. 4
HE i [

RESULTS 2 v‘ 4 |
Baseline comparisons 32 T i |

Table I shows the baseline comparisons of the demo- | B ’l‘ Ijl ‘ L -
graphic data in each subject group. These data suggest that l HD [JJ : H
the mean age and gender distribution between the in- c.l 1 : U
tended and actual sample populations did not differ in i Wl - P o < T

each subject group. In other words, homogeneity was
preserved even after excluding a number of subjects ow-
ing to an incomplete response to the questionnaire.

Fig. 2. Comparisons of the median of muscle tender points
between the disk displacement (DD) side and the contralateral
normal side (right and left side in group 3 and 4). WoR. disk
displacement without reduction: WR. disk displacement with
Muscle tenderness reduction. *P < .05 (Wilcoxon rank sum test).

Fig. 2 shows the comparisons of the median number
of muscle palpation tender points between the disk
displacement (DD) side and control side (right and left

side in group 3 and 4). In group 1, the median number hand, no statistically significant difference was ob-
of the muscle tender points in the DD without reduction served; similar tendency was observed in comparisons
side was significantly higher than that of contralateral between the DD with reduction side and the contralat-
normal disk position side (P = .019). On the other eral normal side in group 1. On the other hand, in the
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Fig. 3. Comparisons of the median number of muscle tender points between each gender (A) and the relationship between the

subjects’ age and the number of muscle tender points (B).

unilateral DD without joint pain patients (group 2), no
significant median difference was observed in the mus-
cle palpation tender points between the DD and con-
tralateral normal sides. The median number of the
muscle tender points did not differ between the right
and left side in groups 3 and 4. These results suggest
that muscle tenderness does not differ in a consistent
relationship.to the disk position between the right and
left joints in these patients. Regarding gender differ-
ence, the median number of muscle tender points did
not differ between each gender (P = .34, Fig. 3, A). No
significant correlation was observed between the sub-
jects’ age and the number of muscle tender points (r =
-0.034; P = .65, Fig. 3, B).

DISCUSSION

This study investigated the association between TMJ
pain/disk pathology and the muscle tenderness pattern
in the orofacial region. No clear association was iden-
tified between the muscle tenderness side and the TMJ
DD side. It was only when the subjects with DD had a
concurrent complaint of joint pain that the muscle pal-
pation score was also elevated. These results suggest
the possibility that disk displacement itself does not
directly induce pain in the ipsilateral muscle tissues.
One of the possible mechanisms of the observed phe-
nomena is, as briefly mentioned in the introduction, that
either the inflammatory pain or discal attachment tissue
impingement pain in the TMJ induces a referred pain in
the adjacent muscle tissues. Several clinical studies
have proposed this concept,'*'* and basic animal re-
search findings, which support this hypothesis, have
also been reported. Specifically, Kojima'® investigated
the convergence patterns of afferent information from
the TMJ and the masseter muscle in the trigeminal
subnucleus caudalis in response to natural stimulation
in anesthetized rats. He found that afferent inputs from
the TMJ and the masseter muscle converged on 108
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(80%) of the 135 neurons and of these convergent
neurons, 79% received nociceptive information from
the TMJ and/or the masseter. Ohya'’ studied the re-
sponses of trigeminal subnucleus interpolaris neurons
to stimulation of the TMJ and the masseter muscle in a
rat model. These results suggested that approximately
70% of the interpolaris neurons receive nociceptive
inputs from the TMJ and/or the masseter and most of
these neurons have an extensive convergence of affer-
ent inputs, including the TMJ, masseter, and facial skin.
Finally, the most recent study reported by Morch et
al.'® demonstrated the convergence of the musculoskel-
etal (including TMJ and masseter muscle) afferents
onto nociceptive neurons in the first cervical dorsal
horn. They proposed that the afferent convergence in
first cervical dorsal horn nociceptive neurons may be
limited to the craniofacial area and that they may play
an important role in the integration of craniofacial and
upper cervical nociceptive inputs. Therefore, the results
obtained in the current study are consistent with the
pain referral mechanisms described in these animal
studies. Another possible mechanism for the associated
muscle tenderness when the TMJ is painful is the
concept that protective muscle splinting arises in the
muscle tissue around the painful TMJ. The protective
muscle splinting is recognized as a central nervous
system response to injury and known as an alteration of
the muscle activity from the normal levels to protect the
threatened part from further injury in the presence of an
injury or threat of injury."” In the masticatory system,
an increase in activity of the jaw elevator muscles
occurs during mouth opening when there is pain on
motion.”” A limited mouth opening range is not a
pathological condition, although when prolonged, may
lead to myalgic symptoms. Pain alleviation in the mus-
cle area should be observed with local anesthesia of the
painful TMJ using human subjects or experimental
animals to clarify which of the two possible mecha-
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nisms are involved. As a result, further experimental
studies are necessary to confirm the hypothesis.
Finally, another viewpoint on this topic is the idea
that the TMJ pain and the orofacial muscle pains are
comorbid problems, and not necessarily demonstrating
a particular cause and effect. That is to say, other
conditions may thus cause both TMIJ and orofacial
muscle pain. For instance, it is often argued that noc-
turnal bruxism has a causal relationship with both TMJ
and muscle pain conditions.?'* Unfortunately, any
attempt to examine this relationship is confounded by
the fact that the definition of bruxism varies from study
to study. As would be expected, the literature is replete
with both positive®>?® and negative®" suggestions
regarding the relationship among them. Further exper-
imental and epidemiologic investigations are therefore
required to elucidate these relationships. Such studies
may also identify other candidates that have a causal
relationship with TMJ and orofacial muscle pain.
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Abstract

Purpose: To examine gene expression profile changes in the mouse masseter muscle tissue after repetitive electrical stimulation by using a DNA
microarray technique. _

Methods: Nine male ICR mice aged 10 weeks were used. Each anesthetized mouse was secured on a platform in a supine position and the masseter
muscle tissues on both sides were exposed. Bipolar electrodes were set on the right masseteric fascia to electrically stimulate the masseter muscle
(8 V, 10 Hz, 20 ms) for 30 min. After cessation of stimulation bilateral masseter muscle tissues were sampled atOh(n=3),1h(n=3),2h(n =3).
Total RNA was isolated from the homogenized muscle tissues and purified mRNA samples (50 pg) were processed and hybridized with microarray
slides. Probe arrays were then scanned and analyzed to calculate the signal density. Gene expression profiles were compared at each time point
between the right (stimulation side) and left (control side) masseter. When the gene expression levels were different more than 2-fold, the difference
was regarded as positive.

Results: Of the 6400 genes assessed, 1733 genes were up-regulated and 515 genes were down-regulated in the stimulation side at least once during
the experimental time course. These up- or down-regulated genes were associated with autoimmune/inflammatory disease (28/114), cardiovascular
disease (17/61), neuroscience (12/50), apoptosis (27/93), diabetes/obesity (9/28), signal transduction (66/250) and others. 28 genes were up-
regulated and 25 genes were down-regulated at all time points.

Conclusions: Dramatic gene expression changes were induced by the repetitive electrical muscle stimulation in mouse masseter.

© 2009 Japan Prosthodontic Society. Published by Elsevier Ireland. All rights reserved.
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1. Introduction

For many years, it has been argued that oral parafunctions
(e.g., tooth clenching or grinding) causes fatigue and pain in
masticatory muscles [1-5]. However, since scientific evidence
linking oral parafunctions and masticatory muscle pain is still
lacking, the premise is still controversial. In order to clarify the
relation between parafunction and muscle pain, it is important
to know the local biological phenomena induced by muscle
hyperactivity. However, local biological phenomena produced

* Corresponding author. Tel.: +81 86 235 6680; fax: +81 86 235 6684.
E-mail address: kuboki@md.okayama-u.ac.jp (T. Kuboki).

during or after muscle contraction in masticatory muscles have
been rarely investigated yet.

Regarding the limb muscles, several attempts have been
carried out to observe protein or gene expression changes of
some candidate molecules during and after experimentally
induced muscle activities. Chen et al. (2003) investigated the
effect of eccentric exercise on the transcriptome of skeletal
muscle in male human subjects who performed 300 concentric
contractions with one leg and 300 eccentric contractions with
opposite leg [6]. Muscle biopsies were taken from both legs at
4-8 h after exercise and expression was profiled by using
microarray with 12,000 genes. The results of their study
revealed the great inflammatory responses (chemokine (C-C
motif) ligand-2, C/EBP delta, and IL-1 receptor) and vascular
remodeling (tenescin C and lipocortin IT). While the response is

1883-1958/$ - see front matter © 2009 Japan Prosthodontic Society. Published by Elsevier Ireland. All rights reserved.
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